differentiate into nonflagellated crawling sperm (reThe germline-intrinsic group, defined as genes exviewed in L'Hernault, 1997). Germ cells in the adult differpressed similarly in germlines making only sperm or entiate into oocytes, which make the eggshell and cononly oocytes, contains a family of piwi-related genes tain the maternal components to direct embryonic that may be important for stem cell proliferation. Fipatterning events.
in the genome, to identify genes preferentially expressed only sperm to mRNA isolated from mutants making only oocytes. The temperature-sensitive, gain-of-function in the C. elegans germline. We first compared wild-type hermaphrodites ( Figure 1A ) to a strain that lacks virtually mutation q23 in the gene fem-3 causes the hermaphrodite germline to produce only sperm instead of oocytes, all germ cells, due to a defect in germline stem cell proliferation caused by a temperature-sensitive mutawhile the soma is apparently normal (Barton et al., 1987) ( Figure 1C ). The temperature-sensitive loss-of-function tion in the glp-4 gene (Beanan and Strome, 1992) ( Figure  1B ). To determine the temporal pattern of gene expresmutation hc17 in the gene fem-1 yields hermaphrodites incapable of initiating spermatogenesis so that they sion during the formation of the germline, we collected three or four independent poly(A) ϩ RNA samples from make only oocytes (Nelson et al., 1978 ) ( Figure 1D ). We prepared five independent RNA samples from young wild-type and glp-4 mutant hermaphrodites at each of four developmental stages: three larval stages (L2, L3, adult fem-3(gf) and fem-1(lf) animals. For each comparison, we directly hybridized Cy3-labeled fem-1(lf) cDNA and L4) and young adults. We synthesized Cy3-labeled cDNA from each staged experimental RNA and comand Cy5-labeled fem-3(gf) cDNA to a microarray and determined average gene expression differences. At the pared its hybridization to the microarray with Cy5-labeled reference cDNA synthesized from mixed-stage 99.9% confidence level, 908 genes showed differing expression levels between fem-1 and fem-3 mutants, wild-type hermaphrodite poly(A) ϩ RNA. We calculated that about 59% of all the genes on the microarray are which corresponds to expression ratios between 1.6-and 71-fold. Six hundred fifty genes had higher expresexpressed significantly above background in mixedstage wild-type hermaphrodite poly(A) ϩ RNA (p Ͻ 0.05, sion in the fem-3 strain making sperm, and 258 genes had higher expression in the fem-1 strain making ooStudent's t test, see http://cmgm.stanford.edu/‫ف‬kimlab/ germline).
cytes. We refer to these classes as sperm enriched and oocyte enriched, respectively. Both classes likely inFor each hybridization, we calculated the expression level in the experimental sample relative to the reference clude some genes expressed in the somatic tissue but induced by the presence of gametes. and then averaged the results for samples of the same genotype and developmental stage. Since all of the samWe combined the results from the wild-type/glp-4 microarray experiments with those from the fem-1(lf)/femples are measured against the same reference RNA, we can compare average gene expression levels from one 3(gf) experiments to identify a total of 1416 germline genes. This number represents 11.8% of all of the genes genotype and developmental stage to that of any other. We used repeated DNA microarray hybridizations from on the microarray. In addition to the 650 sperm-enriched genes and 258 oocyte-enriched genes that are likely to a variety of experiments to estimate the standard error in measuring the expression ratio of each gene (61 repeats function in gametogenesis and early embryonic development, 508 germline-enriched genes are expressed at involving 15 different types of experiments, S. K. K., unpublished data) and then used the standard error levels that are not significantly different between mutants making only sperm or only oocytes. We refer to of each gene to determine whether its expression in wild-type and glp-4 mutants was significantly different this class of genes as germline intrinsic, and these genes may have a role in common germline activities, such as (Student's t test, Experimental Procedures). Germlineexpressed genes were defined as those with higher levmitotic proliferation, meiosis, and recombination. The fem-1(lf) and fem-3(gf) mutant strains produce more gaels in wild-type than in glp-4 mutant hermaphrodites in at least one of the four developmental stages at the metes than wild-type hermaphrodites, so many genes differentially expressed in the fem-1(lf)/fem-3(gf) experi-99.9% confidence level, which corresponds to expression ratios from 1.8-to 104-fold. We detected more ment were not detected as differentially expressed in the wild-type/glp-4 experiment. The complete results germline-enriched genes as the germline increased in size and complexity: 1 gene was identified in the L2 from these DNA microarray experiments can be accessed at http://cmgm.stanford.edu/‫ف‬kimlab/germline. stage, 16 genes in the L3 stage, 307 genes in the L4 stage, and 674 genes in the young adult. Upon combining the results from each developmental stage, we identified a total of 875 potential germline-enriched genes.
Validation of the DNA Microarray Results
The 11,917 genes on the DNA microarrays include 71 We next identified genes differentially expressed during spermatogenesis and oogenesis by comparing genes known from prior work to be germline-enriched genes that can serve as positive controls. These genes mRNA isolated from mutant hermaphrodites making Red boxes indicate increased expression in wild-type or fem-1, and green indicates increased expression in glp-4 or fem-3. "ϩ" signifies 99% confidence interval; "ϩϩ" denotes 99.9% confidence interval. The microarray data show germline-enriched expression for 26 of the 27 previously identified germline genes, with the exception of air-2. Four genes were poorly spotted or missing (him-14, spe-12, cya-1, and ssr-1). In addition to the 27 genes shown here, 40 additional genes are listed at http://cmgm.stanford.edu/ ‫ف‬kimlab/germline that are previously known to be germline enriched, and all 40 were identified in these microarray experiments.
are involved in a wide variety of processes, including
Germline Gene Expression Patterns during Development gamete sex determination, gamete differentiation, emTo investigate the kinetics of germline gene expression bryonic patterning, germline specification, germline produring development, we used a hierarchical clustering liferation, and meiosis. The positive control genes inalgorithm (Eisen et al., 1998) to sort the germlinecluded 43 genes known to be sperm enriched, 10 genes enriched genes according to their similarity in expresknown to be oocyte enriched, and 9 genes known to be sion pattern during the wild-type/glp-4 developmental expressed in the germline but at similar levels during time course ( Figure 3A) . The hierarchical clustering sorted spermatogenesis and oogenesis (referred to as germthe genes into two main nodes. Almost all of the genes in line-intrinsic genes). A fourth group contains 11 genes the first node (cluster A) have peak wild-type expression known to be germline enriched but whose expression levels during the L4 stage, while almost all of the genes during spermatogenesis or oogenesis was not prein the second node (cluster B) have peak wild-type exviously examined. Figure 2 shows 27 representative pression in the adult. Almost all of the sperm-enriched genes; the entire set can be viewed at the accompanying genes (95%) are in cluster A, while almost all of the website. Of these positive controls, 55 are strongly oocyte-enriched and intrinsic genes (96% and 98%, regermline enriched in our experiments (at a 99.9% confispectively) are in cluster B ( Figure 3B ). The hermaphrodence interval), and an additional 11 are moderately dite germline makes sperm for a short time in the L4 enriched in the germline (at a 99% confidence interval).
stage before switching to oogenesis as an adult (Schedl, Thus, the microarray experiments identified 66/71 (93%) 1997), and this switch is exemplified in the expression of these positive control genes as germline enriched.
patterns of the germline genes during germline developOf the five genes that were not identified, four were not ment. The majority (61%) of sperm transcript levels deanalyzed due to poor spotting on the array, and one, crease sharply between the L4 and the adult stages, air-2, had prior data on protein levels but not RNA levels since spermatocyte transcripts are degraded once the (Schumacher et al., 1998) . In addition to these positive haploid sperm are formed (Kimble and Ward, 1988 ). controls, we used PCR screening of cDNA libraries made from fem-1 and fem-3 mutants to test the expression pattern of 25 genes that were predicted to be sperm Gene Expression during Spermatogenesis enriched by the microarray results. We found that 21
To display the expression pattern of the entire complegenes were sperm enriched and that the remaining four ment of sperm-enriched genes, we used the hierarchical genes were not detected in either library (H. E. S., data clustering method to group the 650 sperm-enriched not shown). Together, these results provide strong evigenes based on their expression in the wild-type/glp-4 dence that most of the other genes identified in our time course and also the fem-1/fem-3 experiment (see http://cmgm.stanford.edu/‫ف‬kimlab/germline). We sorted microarray experiments are germline enriched. The division between sperm-specific and sperm-enriched genes, as well as oocyte-specific and oocyte-enriched genes, is shown. The numbers represent the quantity of genes in each category, which are listed at http://cmgm.stanford.edu/‫ف‬kimlab/germline. the sperm-enriched genes by identifying those that appeared to be sperm specific, defined as those expressed in fem-3(gf) mutants, but not above background in fem-1(lf) mutants. Background levels in the fem-1(lf) hybridizations were determined by measuring the spot intensity of 43 genes that were previously known to be sperm specific (see Experimental Procedures). Four hundred forty-eight (69%) genes were sperm specific, while 202 (31%) of the sperm genes showed detectable expression in the soma or oocytes (Figure 4) . In contrast, only 49 of the 258 oocyte-enriched genes (19%) appeared to be oocyte specific using these same criteria. These results support the idea that sperm are highly specialized cells that require many functions unique to sperm.
To identify cellular functions that might be critical for proper development of sperm, we determined which functional classes of genes were overexpressed among sperm-enriched genes (Table 1) . Among the 650 spermenriched genes, genes encoding protein kinases were more than three times as abundant as expected from a random distribution, and protein phosphatases were nearly nine times as abundant, representing nearly half the protein phosphatases in the genome (Table 1) both serine/threonine and tyrosine protein phosphagenes are likely to contribute to eggshell formation, since they encode proteins similar to components of a tases are present. Because much of sperm development is regulated posttranslationally (see Discussion), these chitin synthesis pathway, which functions in cell wall synthesis in S. cerevisiae. microarray results suggest that kinases and phosphatases are important components of that regulation. A The oocyte-enriched genes include the maternal RNAs that drive the first few rounds of cell division besecond class of genes overrepresented in the spermenriched group encode nearly all the enzymes required fore the onset of transcription in the zygote. We find that maternal transcripts encoding proteins predicted for ␤-oxidation of fatty acids (acetyl-coA synthetase, ligase, lyase, dehydrogenase, and reductase). 
Germline-Intrinsic Gene Expression
The 508 germline-intrinsic genes may be involved in germline functions common to both sperm and oocytes, such as meiosis and recombination, stem cell prolifera- (Table 1) . inary studies using RNA interference suggest that at least two of these genes function in chromosome synapsis (Reddy et al., unpublished data).
Gene Expression Differences in Sperm and Oocytes
Our experiments have identified the 650 most highly Included in the germline-intrinsic class are genes that potentially function in the stem cells, which divide mitotiregulated sperm-enriched and 258 most highly regulated oocyte-enriched genes regulated at the 99.9% cally and populate the germline with germ cells. Germline stem cells are present in the L2 and L3 stages, confidence level. In addition, many more genes are likely to differ in abundance but at a lower level, such that whereas mature gametes do not appear until the L4 and adult stages (Schedl, 1997) . Among the 508 germline they are not included in the 99.9% confidence interval. To estimate the number of such genes, we used a scatter intrinsic genes, 72 begin to be differentially expressed in the L2 and L3 stages (at the 99% confidence interval) plot to compare the level of regulation for each gene for each pair of independent fem-1/fem-3 microarray and thus may be important for germline stem cell function. Among these early-expressed germline-intrinsic experiments. The five sperm/oocyte microarray experiments can be compared in ten pairwise combinations, genes, we noticed four genes related to the Drosophila piwi gene. piwi is required for germline stem cell mainteand one representative comparison is shown in Figure  7A . Oocyte-enriched genes appear in the upper right nance in Drosophila (Cox et al., 1998) , and a piwi-related gene (ZWILLE) is required for the maintenance of stem quadrant, whereas sperm-enriched genes appear in the lower left quadrant. Genes expressed equally in fem-1 cells in Arabidopsis (Moussian et al., 1998) . Of the 18 piwi-related genes present on the DNA microarrays, five and fem-3 are distributed at random around the origin, appearing equally in all four quadrants. We calculated are germline enriched at greater than 99.9% confidence (ranging from 3.6-to 28.9-fold at the adult stage), and the number of genes that are randomly scattered about the origin and found an average of approximately 7770 three are germline enriched at greater than 99% confidence (2.4-to 3.7-fold) ( Figure 6B) . The two C. elegans genes (see Experimental Procedures). The oocyteenriched and the sperm-enriched quadrants contain apgenes most closely related to piwi, prg-1 and prg-2 (Cox et al., 1998), are only mildly enriched in the germline (3-proximately 4150 genes in excess over the number that would be predicted to appear due to random scatter. to 4-fold), whereas other piwi-related genes such as R06C7.1 are highly germline-enriched (28.9-fold).
This result indicates that there are a large number of sperm-enriched genes were distributed evenly throughout the genome, 102 would be expected to be X linked, and we found only six. Five of these X-linked spermenriched genes are at least 90% identical at the nucleotide level to a gene sequence located on an autosome. To determine whether any of these X-linked spermenriched genes are false positives due to cross-hybridization with autosomal genes, we designed gene-specific primers for four of the six (the remaining two genes did not contain any unique gene-specific sequences). We then used these primers in RT-PCR experiments and confirmed that two genes were sperm-enriched (F48E3.8 and F41G4.4), but that two genes (C04H5.1 and F11A1.1) were not expressed in fem-3(gf) worms and so are likely to be false positives (H. E. S. and J. N., data not shown). Likewise, the 508 germline-intrinsic genes were underrepresented on the X chromosome; if the genes were randomly distributed, we would expect about 95 genes to be on the X chromosome, and we found only four. Three of the genes show a high degree of similarity to an autosomal gene. We used gene-specific primers in RT-PCR experiments for all four X-linked genes, and found that two were germline enriched (F08F1.9 and F16H11.3) and that two (C52B11.4 and C40H5.6) were false positives (H. E. S. and J. N., data not shown). Thus, of the ten X-linked germline-intrinsic and spermenriched genes identified by the DNA microarray experiments, we determined that at least four were false positives due to cross-hybridization, leaving no more than six on the X chromosome. This number is much less than the 197 genes than we would expect from a random distribution of genes on all of the chromosomes. between wild-type animals and three strains defective in some aspect of germline development, we have identified 1416 germline-enriched genes at the 99.9% condifferences in RNA expression between sperm and oofidence level, which corresponds to gene expression cytes (about 34% of all of the genes on the microarray).
ratios with a range of 1.6-to 104-fold. These genes Furthermore, many of the 4150 differentially expressed were further subdivided into those that exhibit spermRNAs are regulated by only a slight amount; about 1600 enriched (650 genes), oocyte-enriched (258 genes), and differ by less than 2-fold in the fem-3(gf) sperm and germline-intrinsic (508 genes) expression patterns. This fem-1(lf) oocyte RNA samples ( Figure 7B ). list forms a partial description of the germline at the molecular genetic level and contains genes likely to account for many germline functions, including the ability Lack of Sperm-Enriched and Germline-Intrinsic to undergo unrestricted proliferation, to generate all the Genes on the X Chromosome tissues in a new individual, to control genetic heredity By examining the chromosomal locations of all the via meiosis and recombination, to form spermatozoa germline-enriched genes, we discovered a striking bias and oocytes, and to regulate early embryonic patterning in the distribution of these genes throughout the genome with maternal transcripts. of 71 genes previously known to be expressed in the sperm express a high level of sod-2, which encodes a mitochondrial superoxide dismutase (Hunter et al., germline were also identified in the microarray experiments. Third, we independently tested 25 sperm-1997). Since ␤-oxidation of fatty acids produces free radicals, increased SOD-2 activity might protect sperm enriched genes identified by the microarray experiments by PCR screening of fem-1(lf) and fem-3(gf) cDNA libraragainst oxidative damage that results from high metabolic activity, ensuring continued mitochondrial function ies and confirmed that 21 were sperm enriched (expression from the remaining four was not detected).
and protecting the germline DNA from mutation. The oocyte contains maternal RNAs that pattern the Although nearly all of the 1416 genes identified in these microarray experiments are likely to be germline embryo prior to the onset of transcription. The glp-1 Notch signaling pathway specifies the fates of anterior enriched, the list is not complete since the microarrays do not contain all of the genes in the genome. In addition, blastomeres. The mom-2 Wnt signaling pathway polarizes a posterior blastomere, permitting it to undergo an some genes may be expressed at levels that are too low to be measured by the DNA microarrays, although asymmetric cell division. In addition to identifying known components in these early embryonic signaling paththe germline comprises over 50% of the mass of the adult. For genes expressed in both the germline and the ways, the microarray experiments identify three genes that might act in the glp-1 (emb-5, sup-17, and ZK154.7) soma, changes in germline expression might not be detected due to somatic expression. In addition to missand two genes that might act in the mom-2 (mig-5 and C27A2.6) embryonic pathways. The microarray results ing some genes, the list of germline-enriched genes might also contain false positives. Some gene family identified two genes related to Kuzbanian (sup-17 and ZK154.7) and two related to Dishevelled (mig-5 and members share high sequence identity and could crosshybridize. Also, somatic genes might appear to be germ-C27A2.6). An important advantage of using microarrays to screen for genes based on expression patterns is line enriched if the germline induces the soma to express certain genes; these somatic genes would appear germthat this approach can identify genes with partially redundant functions. In contrast, such genes may elude line enriched as they would not be expressed in the glp-4 mutant. However, we examined yolk transcripts, genetic screens, as mutations in only a single gene may not cause a mutant phenotype. which are normally transcribed and translated in the intestine and transported into the germline, and deterGermline stem cells proliferate in the adult when all somatic cells are quiescent, and they are totipotent as mined that yolk transcripts are equally expressed in the glp-4 mutant as they are in wild type (data not shown).
they generate all the cells of the next generation. Genes that function in stem cells should have a germline intrinsic expression pattern and be expressed early in germGermline Expression Patterns line development. Several representatives of a large proIn addition to the 43 sperm-specific genes on the array tein family related to Drosophila piwi have an intrinsic, that were previously known, our experiments identified early-onset expression pattern. Piwi-related proteins over 600 genes with sperm-enriched expression. The are large, novel nuclear proteins required for maintelarge number of protein kinases and protein phosphanance of stem cells in Drosophila, Arabidopsis, and C. tases among these genes might reflect the unique propelegans. In C. elegans, two piwi-related genes (prg-1 erties of the developing C. elegans sperm. Because and prg-2) were previously demonstrated to function in ribosomes are discarded prior to terminal cellular differgermline proliferation (Cox et al., 1998). We found that entiation, the maturation of nonmotile symmetrical spereight of 18 piwi-related genes (including prg-1 and prg-2) matids into crawling spermatozoa occurs in the absence have germline-enriched expression patterns. These reof new protein synthesis. Phosphorylation and dephossults suggest that an entire family of piwi-related genes phorylation could provide the means to modulate proare involved in either establishing or maintaining the tein activities and promote the radical rearrangement of germline of C. elegans. preexisting cellular components necessary for pseudoThe germline-intrinsic set of 508 genes includes eight pod extension and movement.
genes previously known to function in meiosis and reIn hermaphrodites, sperm must crawl continuously in combination, and preliminary results have already shown the spermatheca to fertilize incoming oocytes. Since that the list of germline-intrinsic genes has identified fatty acids provide an efficient energy source, enhanced genes involved in segregation of homologous chromoexpression of ␤-oxidation genes in the sperm may provide energy for crawling. Interestingly, we found that somes during meiosis. RNA interference experiments indicate that functional depletion of two germline-intrinwhereas the oocyte-enriched genes would be expressed primarily in the hermaphrodite germline. One sic genes that encode proteins with coiled-coil domains possibility is that these two sets of genes may not reside results in a defect in homologous chromosome synapsis on the X chromosome due to condensation of the X (Reddy et al., unpublished data) . chromosome in the male germline. Serial reconstruction Some aspects of germ cell differentiation and function from electron micrographs of C. elegans meiotic nuclei are regulated by RNA-binding proteins that may control suggested that the unpaired X chromosome in males translation of target mRNAs (reviewed by Goodwin and forms a highly condensed chromosome early in pachyEvans, 1997). Twenty-four germline-intrinsic genes entene, whereas the autosomal chromosomes all form syncode RNA-binding proteins: gld-1, pgl-1, and 22 that aptonemal complexes (Goldstein, 1982) . If genes on this have not been previously studied. RNA helicases are condensed X chromosome were expressed poorly, then often components of germline P granules and may be selection would act to prevent the genes required for important for germline specification (Lasko and Ashsperm formation from residing on this chromosome. burner, 1988; Gruidl et al., 1996), and four germlineAnother possible explanation is that the absence of intrinsic genes encode RNA helicases. Gamete sex desperm-enriched and germline-intrinsic genes from the termination and differentiation are controlled by RNA X chromosome may be due to a lack of dosage compenbinding proteins; in addition to gld-1 and pgl-1, there sation. In the soma, dosage compensation equalizes are three germline-enriched genes that encode RNAexpression levels from the X chromosome in XO males binding proteins related to the Pumilio/FBF family and XX hermaphrodites (reviewed in Meyer, 1997). Dos- (Zhang et al., 1997) . from the X chromosome. However, chromosome conIn addition to determining whether each gene is sperm densation but not a lack of dosage compensation could or oocyte enriched, we were also able to analyze the act to exclude the sperm-specific genes from the X entire set of genes to estimate the total number of tranchromosome in the ancestral male/female species. In scripts that differ in abundance between sperm and this ancestral species, a lack of dosage compensation oocytes. We compared the results of each individual alone would not prevent sperm-specific genes from resperm/oocyte microarray experiment to each of the othsiding on the X chromosome, since these genes would ers and found that approximately 34% of all the genes only function in the male. Therefore, the evolution of a on the microarray differ between sperm and oocytes, hermaphrodite from an ancestral female would involve many of which are predicted to differ by less than 2-fold. the removal of over 100 sperm-specific genes from the These results indicate that the differences between X chromosome. sperm and oocytes are not only characterized by X chromosome condensation likely occurred in the strongly regulated genes, but also involve a large nummale of the ancestral male/female species, as X chromober of transcripts that may differ by only a small amount. some condensation has been observed in another nematode species evolutionarily distant from C. elegans Germline-Intrinsic and Sperm-Enriched Genes (Goldstein and Moens, 1976) . This observation suggests Do Not Reside on the X Chromosome that the X chromosome may be condensed in all XO Our DNA microarray and RT-PCR results also showed nematodes. Furthermore, condensation of unpaired sex that there are almost no sperm-enriched and germlinechromosomes is common in insects and other organintrinsic genes on the X chromosome. We identified at isms, suggesting that sex chromosome condensation is most four sperm-enriched genes and two germlinewidespread in evolution (White, 1973) . In an ancestral male/ intrinsic genes on the X chromosome, which is much female nematode, chromosome condensation could act less than the 197 genes that would be expected from a to exclude the sperm-specific genes from the X chromorandom distribution given the chromosomal location of some and hermaphroditism could emerge without rethe genes on the microarray. In contrast, the oocytequiring a selective force to remove a large number of enriched genes are distributed at random on all six chro-X-linked sperm-specific genes. mosomes.
What could explain the near absence of spermConclusion enriched and germline-intrinsic genes from the X chroExpression analysis on a whole-genome scale using mosome? These genes would be expressed in the male DNA microarrays has provided an overview of the development and functioning of the C. elegans germline at the germline in addition to the hermaphrodite germline, Characteristics of 43 genes previously determined to be sperm proteins encoded by these genes.
specific by differential Northern analysis or RT-PCR were used to establish criteria for defining sperm-specific genes. From this set, Experimental Procedures we calculated the mean background level Ϯ SD in the three most similar fem-1/fem-3 microarray hybridizations. Genes with an averSee http://cmgm.stanford.edu/‫ف‬kimlab/germline for a complete deage fem-1 expression level that was less than two standard deviascription of the experimental procedures.
tions above background (Ͻ0.1 normalized gene expression units) and had an expression level of 0 in at least one experiment were Construction of DNA Microarrays defined as sperm specific. Equivalent criteria defined the oocyteWe designed primer pairs corresponding to 13,323 genes, and then specific genes. used these primers to generate PCR fragments from genomic DNA The number of RNAs that differ in the fem-1/fem-3 microarray that were 1-2 kb in length containing at least 700 bp of predicted experiments is equal to the number of genes that are consistently protein coding sequence or which covered 90% or more of the higher or lower in expression in both experiments minus the expredicted coding sequence of the gene. Primers were designed not pected number due to random chance. In Figure 7A , genes that to span known C. elegans repetitive elements (C. elegans Sequencappear in the upper left and lower right quadrants are due to random ing Consortium, 1998). Primer sequences were determined using scatter, and there should be an equal number of genes in the re-PRIMER3 (Rozen and Skaletsky 2000). Of the PCR reactions, 11,990 maining two quadrants. We counted the number of genes with in-(89%) yielded a single band of the predicted size. These PCR fragcreased expression in one experiment but decreased expression in ments of genomic DNA were used to prepare DNA microarrays by the other experiment for each of the five experiments. We then Rosetta Inpharmatics as previously described (DeRisi et al., 1997) .
calculated the number of genes that consistently have higher or Seventy-three DNA spots were excluded due to errors in producing lower expression in both experiments and subtracted the number the DNA microarrays, resulting in DNA microarrays containing predicted from random scatter. Finally, we averaged the results 11,917 genes. from all five repeats of the fem-1/fem-3 experiment, yielding approximately 4150 genes that are non-randomly distributed in the upper-RNA Isolation, cDNA Synthesis, and Microarray Hybridization right and lower-left quadrants. This number is an estimate of the Strains used: wild-type is C. elegans variety Bristol strain N2. Linktotal number of genes expressed at different levels between the age group I: glp-4(bn2) (Beanan and Strome, 1992); Linkage group sperm and oocyte samples. IV: fem-3(q23gf) (Barton et al., 1987) and fem-1(hc17ts) (Nelson et al., 1978) . Acknowledgments The reference RNA used in the developmental time course is from a mixed stage population of wild-type worms grown at 20ЊC. WildThe authors would like to thank the Worm Genome Consortium for type worms were grown at 20ЊC, and mutant worms were grown at providing the sequence of the C. elegans genome, and Proteome 15ЊC in liquid culture (glp-4) or on peptone plates (fem-1 and fem-3).
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